A time-domain computational approach is applied to investigate the behavior of perforated tube silencers at high sound levels. The one-dimensional computational technique employs a lumped parameter model for the perforate flows. The lumped parameter perforate model is based on time-invariant approximations for the equivalent length l eq and resistance R, consistent with the use of a nonlinear perforate impedance. Empirical expressions for l eq and R are developed experimentally using nondimensional scaling parameters. The model is applied to geometries representative of automotive resonators and multiple-duct mufflers. Conditions are simplified from those in an actual automotive system by considering single-frequency excitation and zero mean flow. Simulations with linear perforate behavior are compared to experimental data obtained with an extended impedance tube system. Simulations with nonlinear perforate behavior for one concentric tube resonator are compared to published experimental data.
INTRODUCTION
Perforated tubes are common components in silencers for automotive engines, often representing the primary element͑s͒ in exhaust system mufflers. Typically these silencers include one or more perforated tubes that are installed within an external expansion chamber. In an automotive muffler, the perforated tube section is often combined with series and parallel connections to other elements ͑end chambers, resonators, etc.͒. Despite their widespread use and a number of informative studies, the acoustic behavior of perforated tube silencers under realistic operating conditions is still not well understood.
In analyzing the acoustic behavior of a perforated tube silencer ͑in the absence of an engine and other system components͒, the primary difficulty is modeling the complex behavior of the flow through the perforations. Flow visualization and computational studies of unsteady flows through circular orifices have shown that complex vortical flow patterns are established ͑see, for example, Refs. 1-3͒. Thus, analytical treatments are only available for simple, rather unrealistic conditions, and predictive tools must rely on experimental data and empirical models. Although the behavior of an arbitrary perforate usually can not be predicted quantitatively, previous experimental studies have provided a general qualitative understanding of the factors that affect the perforate flow. 1, [4] [5] [6] [7] In the limit of low sound-pressure levels, the unsteady flow through perforations is linearly related to the pressure difference across the interface. As the sound-pressure level across the interface is increased, corresponding to higher amplitude oscillations in the perforate velocity, the pressure/ flow relationship for the perforate becomes nonlinear. For this case, the commonly used perforate impedance is no longer independent of the perforate velocity, resulting in a decreasing reactance and increasing resistance as velocity amplitudes increase. In an automotive silencer, pressure amplitudes are expected to be large enough to cause this nonlinear behavior. The point at which nonlinear perforate behavior becomes significant depends on a number of factors but, as an example, orifice nonlinearity with zero mean flow has been observed at sound-pressure levels of 120-130 dB ͑re 20 Pa͒. 8 In comparison, oscillating pressure amplitudes in an automotive exhaust system can easily exceed 170 dB. 9 In addition to sound-pressure level, the behavior of the perforate is influenced by local fluid properties ͑density, viscosity, etc.͒, mean flow tangential to the perforated interface ͑grazing flow͒, mean flow through the perforations ͑through-flow͒ and, in the nonlinear regime of behavior, the spectral content of the sound.
The practical significance of perforated tube silencers for reducing radiated engine noise has motivated many works focusing on their acoustic behavior. The majority of these methods have been frequency domain approaches based on the assumptions of linear duct acoustics and linear perforate behavior. Sullivan and Crocker 8 presented the first such analysis, after which several techniques were developed to solve the resulting coupled sets of ordinary differential equations. [10] [11] [12] These solution techniques have subsequently been used in numerous studies which will not be listed here. While linear analyses have proven very useful for smallamplitude disturbances, they are unable to include the effects of perforate nonlinearity.
Although quite limited, some information is available regarding the effects of nonlinear perforate behavior on perforated tube silencers. Following his original work, Sullivan 13 presented a frequency domain segmentation approach that allows for spatial changes in the perforate imped-ance caused by nonlinearity. Good agreement with experiments was obtained with the segmentation model for a small concentric tube resonator. Results from this study clearly demonstrated that the common practice of analyzing a silencer based on linear perforate behavior can lead to large discrepancies between the expected and actual attenuation characteristics. An alternative approach was taken by Chang and Cummings, 14 who applied a numerical time-domain technique to model another small ͑albeit somewhat longer͒ concentric tube resonator. The wave propagation in ducts was assumed to be linear, but a time-varying nonlinear perforate model was used. Depending on local conditions, the perforate behavior was assumed to be either linear or quasisteady. Although the binary nature of the orifice model is rather undesirable, this method allows for temporal and spatial changes in the perforate behavior. Good correlations between predicted and experimental pressure traces were obtained for high-amplitude disturbances.
The objective of the present study is to model and investigate the behavior of perforated tube silencers at highamplitude sound levels ͑up to 160 dB͒ with a time-domain computational approach. The work focuses specifically on the effects of nonlinear perforate behavior, and thus considers isolated silencers with zero mean flow subjected to single-frequency excitation. An experimental investigation of the unsteady flow through circular orifices is included for addressing the effects of nonlinear perforate behavior and developing suitable perforate submodels for the time-domain computational approach. The model is applied to geometries representative of automotive resonators and multiple-duct mufflers. Computational predictions for linear perforate behavior are compared to experimental data for each silencer geometry. For nonlinear perforate behavior, computational predictions for one concentric tube resonator are compared to the published data of Sullivan.
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I. COMPUTATIONAL APPROACH
The computational approach assumes that the duct flows in the silencer are one-dimensional in the axial direction. A lumped parameter perforate model is used to relate the local perforate mass flux to the pressure difference across the perforated interface. The assumption of one-dimensional duct flow is justified provided that the wavelengths of interest are significantly longer than the cross dimensions of a silencer. The upper frequency limit that this imposes is generally high enough for the analysis to include the engine firing fundamental and its first few harmonics, which contain the majority of the acoustic energy. Naturally, for very complex silencer geometries, high frequencies or multidimensional phenomena ͑such as flow noise͒, the one-dimensional assumption is not justified and other methods are required.
The duct flows are simulated using a nonlinear timedomain approach for one-dimensional flows in ducts of variable cross section. The numerical technique is based on the one-dimensional finite-difference approach of Chapman, Novak, and Stein, [15] [16] [17] [18] which has been modified to include flows through perforations. Since the numerical scheme computes the unsteady flows in the time domain, the nonlinear terms in the balance equations of mass, momentum, and energy are retained. Therefore, the approach is capable of modeling nonlinear effects that occur in automotive systems such as choked flow, shock waves, and heat transfer. Moreover, for an integrated intake/engine/silencer simulation, the spatial variations in bulk fluid velocity, mean pressure, and temperature, which affect the performance of both the engine and silencers, are included in the solution.
A. Duct flows
The numerical approach is based on a finite-difference treatment of unsteady compressible flow in ducts of variable cross section ͑which may or may not be perforated͒. For the one-dimensional approach, the balance equations for mass, momentum, and internal energy are applied to a control volume lumped over the duct cross section with axial ͑x-direction͒ conduction in the fluid neglected. Assuming that the flows through the perforate interface transfer a negligible amount of axial direction momentum, the balance equations may be written as
where is density, U is velocity, p is pressure, e is internal energy, A is cross-sectional area, w is wall shear stress, P is perimeter, q w is the wall heat flux, and the subscript p denotes the perforate. The ideal gas equation of state,
where ␥ is the ratio of specific heats, is used to relate the thermodynamic variables and close the system of equations. Equations ͑1͒ through ͑3͒ are discretized using the explicit finite-difference method of Chapman, Novak, and Stein 15 that has been modified to incorporate flow through perforates. In the numerical approach, ducts are divided into computational cells by nodal points and the geometric and dynamic variables are defined on a staggered mesh. For the one-dimensional flow in the duct, vector quantities are located at node points, and scalar quantities are located at cell midpoints. Aggregate quantities for the orifices contained between two computational nodes are located at cell midpoints. Details of the numerical technique will not be elaborated here, as they may be found elsewhere. 15, 17, 19 
B. Lumped parameter perforate model
For the perforations that are used in automotive silencers, the perforate dimensions are usually much smaller than the wavelengths of interest. Also, the velocities encountered in and near the perforations are typically much less than the speed of sound. Under these conditions, the flow through the orifices may be treated as a locally incompressible flow that transfers mass and energy between two external regions. For the present case, the model problem considers oscillating flow through an isolated, circular, square-edged orifice in a flat plate of infinite extent as shown in Fig. 1 . It is assumed that each orifice in a perforated plate or tube acts independently and there is no mean flow in the system.
An expression for modeling the perforate flows can be obtained by applying a momentum balance to the control volume depicted in Fig. 1 . The form of the expression is simplified by introducing scaling coefficients for the inertia, momentum convection, and shear terms as ͑see Dickey et al. 20 ͒
͑5͒
where U p is the ͑area averaged͒ perforate velocity. In Eq. ͑5͒, the coefficient l eq is an equivalent length for the orifice, consistent with the common use of end corrections in acoustic analyses. The coefficient C M relates the net rate of momentum convection to U p ͉U p ͉. For the steady flow case C M is equivalent to a flow loss coefficient Kϭ⌬ p/U p 2 and may be related to the steady flow discharge coefficient as
Finally, C is a coefficient relating the total x-direction shear force for the control volume to U p .
Expressions with varying degrees of similarity to Eq. ͑5͒ have been obtained in analyses of Helmholtz resonators 21, 22 and duct terminations. 23 In general, each of the coefficients in Eq. ͑5͒ is expected to be a time-varying function of the instantaneous pressure and velocity fields. Therefore, each of the terms on the right-hand side of Eq. ͑5͒ can contribute to the nonlinear orifice behavior. However, the primary source of nonlinearity is the convective momentum term which involves U p 2 . For small-amplitude disturbances, this term is negligible, corresponding to the linear regime of behavior. At very high amplitudes, the convective term dominates, corresponding to the quasisteady regime of behavior where ⌬pϳU p 2 . When the orifice velocity is large enough for the convective term to be important, flow separation occurs and vorticity is generated. Since very little of the vortical energy is restored to the pressure field, the convective and viscous terms both represent energy losses that occur in the flow. It is therefore convenient to combine the convective and viscous terms into a single loss term as
where R is the orifice resistance. Incorporating the resistance into Eq. ͑5͒ gives the expression commonly used for perforate models as
͑7͒
which is also adopted in the present study. An attractive feature of Eq. ͑7͒ is that for constant values of l eq and R, the expression is linear. For low-amplitude disturbances, the linear orifice behavior can be solved using the well-established methods of linear analysis. When the perforate behavior is nonlinear, the coefficients in Eq. ͑7͒ will depend on the instantaneous velocity and therefore will also vary in time.
However, an approximate treatment that linearizes Eq. ͑7͒ is still possible by assuming that the coefficients are constant over a cycle ͑time invariant͒, but depend on the peak velocity or other cyclic parameters.
C. Perforate impedance and scaling parameters
In the present study, the base nonlinear perforate model assumes that the coefficients l eq and R are time-invariant, corresponding to linearized treatment of the orifice model equation. For the special case of single-frequency excitation that is considered, this model is equivalent to the use of a nonlinear perforate impedance. The perforate impedance is obtained from the fundamental pressure and velocity components as
where the imaginary part of the impedance ( ͓1͔ ) is called the reactance and the real part of the impedance (R ͓1͔ ) is called the resistance. In Eq. ͑8͒, boldface symbols denote complex quantities and the bracketed superscript 1 designates the fundamental harmonic component. A nonbold symbol of a complex harmonic variable (U p ͓1͔ , for example͒ will be used to denote the absolute magnitude of a complex quantity. Inserting the fundamental components of pressure and velocity into Eq. ͑7͒ and dividing by U p ͓1͔ yields 
where the Х sign has been used to distinguish that harmonics other than the ͑dominant͒ fundamental have been neglected. Inspection of Eqs. ͑8͒ and ͑9͒ shows that R ͓1͔ is simply the real part of the impedance as shown above and l eq ͓1͔ is related to the imaginary part of the impedance ͑reactance͒ as
Utilizing the fact that the spectra are dominated by the fundamental frequency f and introducing some additional information allows the nondimensional scaling variables described by Panton and Goldman 24 to be formed from the ratios of the terms in Eq. ͑5͒. Noting that for acoustic disturbances and thin orifices l eq ϳd p and w ϳU p ͓1͔ /ͱ/, where d p is the orifice diameter, ϭ/ is the kinematic viscosity and ϭ2 f is the angular frequency, the ratios of terms in the momentum balance may be expressed as momentum convection
inertia shear
The foregoing equations also include interpretations in terms of ratios of length scales for the flow, as discussed in Ref. 24 . The variable L e represents an acoustic displacement amplitude and ␦ BL ϭͱ/ is proportional to the acoustic boundary layer thickness. Since the momentum convection term is the primary nonlinear term, the nondimensional ratios provide parameters to help differentiate the linear and nonlinear regimes of behavior. The linear regime occurs when the convective term is much smaller than one of the other two terms. Therefore, predominantly linear behavior will occur for either linear regime:
In the highly nonlinear regime, the convective term is much larger than both of the other terms. Therefore, the highly nonlinear regime exists when highly nonlinear regime:
͑15͒
In the present study, the highly nonlinear regime is also referred to as the quasisteady regime. While a viscousdominated flow could also be considered quasisteady, this condition is unlikely to be of practical significance. For orifice dimensions and fluid properties typical of automotive silencers, the inertia/shear ratio is generally rather large ͑for example, with d p ϭ0.25 cm and f ϭ100 Hz, d p /␦ BL Х16 for air at atmospheric conditions͒. Therefore, the quasisteady condition of interest is the highly nonlinear case where ⌬ p ϳU p 2 , and the primary indicator of orifice nonlinearity is the convection/inertia ratio U p ͓1͔ /d p .
II. EXPERIMENTAL METHODS
Two different types of experiments were performed in the study. The first type considered the acoustic performance of an entire perforated tube silencer while the second type focused specifically on the behavior of unsteady flow through orifices. The silencer experiments were conducted to provide experimental data for evaluating the accuracy of the time-domain computational approach. The orifice experiments were undertaken to investigate nonlinear perforate behavior and develop empirical expressions for the lumped parameter impedance coefficients.
The silencer measurements were conducted in an extended impedance tube system. In order to perform the orifice experiments in parallel with the silencer studies and use existing experimental equipment, the experimental methods and apparatus for the orifice study were designed for use in the existing impedance tube setup. In the following sections, the impedance tube facility and silencer experiments will be discussed first, followed by descriptions of the test apparatus and methods used in the orifice experiments.
A. Impedance tube
The acoustic performance of the silencers was measured using an extended impedance tube system ͑see Fig. 2͒ . The overall setup includes the impedance tube itself and a data acquisition and analysis system. The impedance tube uses a 25.4-cm loudspeaker ͑Madisound 10208͒ for the acoustic source. The input signal for the loudspeaker is generated by the system signal generator module ͑B&K 3107͒ and then amplified by a 100-watt amplifier ͑Kenwood KR-A5070͒. A conical section is used for the transition in diameter between the loudspeaker and the inlet duct. The element to be tested is mounted between inlet and exit ducts that have inner diameter of 4.86 cm. Effects caused by reflections downstream of the silencer are avoided by using a nonreflective ͑anechoic͒ termination.
The upstream and downstream ducts in the impedance tube each contain a pair of 0.635-cm condenser microphones ͑B&K 4135͒ to measure the acoustic pressure in the duct. Signals from the four microphones are acquired and processed by a modular B&K 3550 multichannel analysis system. The system acquires data from the microphone signals and computes the autospectra at each microphone location, and cross spectra between the microphone locations. Userdefined functions ͑user programs͒ are then employed to manipulate the auto-and cross spectra to the final desired output.
The acoustic performance of the silencers in this study is presented in terms of the transmission loss. For planar wave propagation with inlet and exit ducts of the same diameter, the transmission loss, in decibels, is defined as
where the subscripts inc and tr denote incident and transmitted components, respectively, and the bracketed superscript denotes an harmonic component at frequency f. The twomicrophone method for planar wave separation is used to separate incident and reflected waves in the ducts and compute transmission loss from the acquired spectral data. 25, 26 Further details regarding the impedance tube system and procedures used to obtain transmission loss may be found elsewhere.
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B. Orifice measurements
An acoustic phase-pressure approach, commonly referred to as the two-microphone technique, 4,7,27,28 was adopted for the orifice measurements. In the two-microphone technique, the perforated sample is backed by a cavity of known dimensions and pressure measurements are made at the sample face and within the cavity. Using linear acoustic theory, the pressure at the back of the sample and the flow rate through the perforations are determined from the cavity pressure measurement.
The experimental apparatus used for the orifice measurements is depicted in Fig. 3 . An annular cavity surrounds a removable central tube containing a small section of orifices. Although the annular configuration is convenient for use in the impedance tube, the fixed axisymmetric geometry does introduce some limitations as noted by Sullivan. 28 First, the acoustics of an annular cavity is somewhat more complex than the more commonly used sidebranch duct of constant cross section. Second, and more significant, the fixed geometry of the system causes the acoustic response of the cavity at a given frequency to be fixed. Therefore, the cavity can not be ''tuned'' to take maximum advantage of cavity resonances. With the fixed cavity geometry and loudspeaker driver of the current setup, power and distortion limitations were encountered that reduced speaker life and limited the range of measurements.
The test section cavity is fabricated from two aluminum end plates and a short section of acrylic tubing ͑see ducers limited the minimum measurable SPL to approximately 100 dB. The maximum rated SPL for the transducers is published as 190 dB, which is well beyond the capability of the driver. Figure 4 depicts the data acquisition setup for the orifice measurements. The excitation voltage input, and output signal amplification for the pressure transducers, are provided by an Endevco model 106 bridge signal conditioner. The signals from the amplifiers are sampled and stored by a Concurrent 5450 high-speed data acquisition system. In order to reduce the effects of cycle-to-cycle variations, data are taken for a number of cycles and averaged. The phase-locked averaging process is made possible by a trigger circuit that initiates data acquisition at the same phase point for each cycle that is sampled. More detailed descriptions of the perforate experimental apparatus and methods are available in Refs. 19 and 20. To infer the pressure at the back of the perforate sample and the perforate flow rate from the measured cavity pressure, an harmonic analysis of the cavity is performed. In the analysis of the cavity, two primary assumptions are made: ͑1͒ The oscillations in the cavity obey the linearized equations of motion given by the wave equation, and the linearized Euler equation, and ͑2͒ the acoustic propagation in the cavity is primarily one-dimensional in the radial direction.
The impedance is determined from the fundamental frequency component as
͑17͒
where p i ͓1͔ is available directly from the center tube measurement. The pressure at the outer surface of the perforate (p o ͓1͔ ) can be computed from the cavity wall pressure as 8, 20 
where
Conservation of volumetric flow between the cavity and the orifices allows U p to be determined from the measured cavity pressure as
The frequency domain impedance parameters l eq ͓1͔ and R
͓1͔
are then available from the imaginary and real parts of the impedance, respectively ͓see Eqs. ͑8͒ and ͑9͔͒.
III. PERFORATE EXPERIMENTAL RESULTS AND MODELS
Impedance parameters were obtained using the methods described in Sec. II for a test section containing eight orifices with diameter (d p ) of 0.249 cm and wall thickness (t w ) of 0.081 cm. The relatively small number of orifices was selected to maintain a low resonance frequency for the apparatus, and minimize the effects of orifice interactions. Experiments were performed for frequencies between 100 and 800 Hz (0.0046рkd p р0.036). In general, experiments were performed at each frequency for sound-pressure levels across the perforate of 110 to 135 dB in 5-dB increments. However, due to the combination of a fixed cavity geometry and the limitations of the loudspeaker source, the maximum obtainable SPL across the orifices varied somewhat. With increasing frequency, distortion was encountered as the soundpressure level was increased and, at frequencies above 500 Hz, a maximum of 135 dB across the orifice was not reached. For all frequencies considered, at least 130 dB was reached across the perforate. (⌬l eq ͓1͔ /0.85d p Х0.97). The values of R ͓1͔ /ͱ collapse well at low U p ͓1͔ /ͱ and appear to be approaching a limit of approximately 4, although there is not enough data at low U p ͓1͔ /ͱ to be certain of this value. This value is quite close to the result from the often-used empirical expression 24, 29 
A. Linear regime
which, for this orifice geometry, yields R ͓1͔ /ͱХ3.75. As theory for oscillating laminar flow indicates, the linear resistance has moderate dependency on frequency ͑in-creasing with ͱ). However, since l eq ͓1͔ is independent of frequency and the inertia/viscous ratio is large, small inaccuracies in the determination of R ͓1͔ are of minor consequence. By assuming an average value for R ͓1͔ that neglects this frequency dependence, a number of frequency components can be included in a single simulation to reduce computation time. The coefficients for linear perforate behavior are therefore specified to be invariant with respect to both time and frequency as
where mid is a median value for the frequency range considered in the simulation. For the experimental data obtained, the l eq ͓1͔ values are within 3% of the approximation. The discrepancy between the assumed value of R ͓1͔ and measurement will vary with frequency but, once again, is of secondary importance.
B. Nonlinear regime
The nonlinear perforate treatment accounts for spatial variation in the perforate behavior, but assumes that the coefficients are constant in time. This model is formulated on the assumption that ⌬p and U p are dominated by a singlefrequency component that is known beforehand. Under these conditions, it is reasonable to use empirical relationships for l eq ͓1͔ and R ͓1͔ based on the scaling parameters discussed in Sec. I C. For the present work, the empirical expressions for l eq ͓1͔ are developed from experimental data obtained between 200 and 800 Hz. The expressions for R ͓1͔ are formulated from experimental data between 100 and 800 Hz. The nonlinear curve fits include the limiting cases of linear and quasisteady orifice behavior, as well as the intermediate region between these limits. The correlation parameters and empirical curve fits are described next for the equivalent length and resistance, respectively.
Equivalent length (l eq
†1 ‡ ) Figure 6 includes experimental measurements of the time-invariant end correction (⌬l eq ͓1͔ ) for frequencies between 200 and 800 Hz and varied incident sound-pressure levels. Inspection of Fig. 5 indicates that the end correction could be correlated reasonably with respect to U p ͓1͔ /d p alone. However, the experimental data were found to collapse more satisfactorily with respect to , a parameter given
Scaled ⌬l eq ͓1͔ and R ͓1͔ experimental data for the low-amplitude region.
FIG. 6. Scaled ⌬l eq
͓1͔ experimental data for the low-and high-amplitude regions plotted against . Figure 6 depicts the experimental data for ⌬l eq ͓1͔ scaled in this manner for the frequency range 200-800 Hz. The data collapse relatively well for the linear and moderately nonlinear ranges. A certain amount of scatter is evident for the data in the nonlinear range where ⌬l eq ͓1͔ /0.85d p is less than 0.6. In this range, however, small errors in the value of l eq ͓1͔ are of less consequence due to the increased importance of the resistance.
A piecewise continuous curve is used to represent the data shown in Fig. 6 . Separate expressions are used to represent the linear, nonlinear transition, and highly nonlinear regimes as follows: .
͑24͒
The lower limiting value of ⌬l eq ͓1͔ /0.85d p ϭ0.46 is obtained from a potential flow analogy for the flow on the upstream side of the orifice. This value may be slightly higher than the data indicate, which is probably due to separated flow within the orifice itself. Figure 7 includes measured values of R ͓1͔ for frequencies between 100 and 800 Hz. The data for nonlinear orifice resistance are correlated using two curve fit expressions. The first expression represents the linear and transition regimes, while the second expression represents the data in the highly nonlinear regime. Figure 7͑a͒ includes experimental data for the linear and transition regimes. The scaled parameters are presented as R ͓1͔ /ͱ vs U p ͓1͔ /ͱ. Consistent with the findings of Panton and Goldman, 24 an acceptable collapse of the resistance data is obtained with these parameters. The data for this regime are approximated by the expression
Resistance (R †1 ‡ )
.
͑25͒
Equation ͑25͒ is included in Fig. 7͑a͒ . Nearly all of the points are within 10% of this curve, with the maximum deviation for all points being less than 15%. Figure 7͑b͒ includes experimental data for the highly nonlinear regime, where R ͓1͔ is plotted against U p ͓1͔ and the frequency range is 100-450 Hz. The resistance increases linearly with the orifice velocity and is represented by
where cgs units have been used. Similar to the data of a number of workers, the y-intercept falls below zero, suggesting a dependence for the ''average'' discharge coefficient on factors such as vena contracta formation or viscous boundary layers. Due to the speaker limitations, the data in the highly nonlinear regime are biased toward the lower frequency experimental observations. To confirm that the curve fit remained reasonable at higher frequencies, the highamplitude data of Sullivan 8 were compared to Eq. ͑26͒. For high-amplitude measurements between 1000 and 1300 Hz, the data of Sullivan were found to be within 5% of Eq. ͑26͒.
In the computational model, the distinction between the intermediate and highly nonlinear regimes for the resistance is determined by the intersection of Eqs. ͑25͒ and ͑26͒. For the frequency range above approximately 100 Hz, these expressions will intersect at two points, the first one occurring for U p ͓1͔ /ͱ below 35 and the second representing the transition point of interest. Therefore, if U p ͓1͔ /ͱр35, the resistance in the computational model is determined from Eq. ͑25͒. Otherwise, the resistance is determined as the minimum value obtained from Eqs. ͑25͒ and ͑26͒. At frequencies below 100 Hz, there will be a small discontinuity in R ͓1͔ at the transition between the two expressions. However, for these low frequencies and amplitudes, silencer behavior will be predominantly reactive and the effect of this discontinuity is expected to be inconsequential.
IV. SILENCER RESULTS
This section presents the experimental and computational results for perforated tube silencer geometries consisting of both single-and multiple-pass configurations. Following a description of the different silencer geometries considered, silencer performance is studied using the computational approach with the linear and nonlinear perforate models. For the linear simulations, comparisons are made with experimental data from the extended impedance tube setup. Since the loudspeaker driver of the impedance tube setup was not capable of driving silencers into the nonlinear regime, transmission loss comparisons for a small concentric tube resonator are made with a data set from the published work of Sullivan. 13, 28 In order to calculate the scaling parameters and use the nonlinear impedance curve fits in the computational model, a value for U p ͓1͔ must be obtained. For single-frequency simulations with small wave steepening effects, U p ͓1͔ is available as the peak orifice velocity during an oscillatory cycle. Monitoring the peak orifice velocity at each computational cell thus allows the scaling parameters U p ͓1͔ /d p and U p ͓1͔ /ͱ to be obtained. The additional scaling parameters are available from the input frequency, fluid properties, and orifice geometry. The time-invariant model is applied by first initiating the model with the equivalent length and resistance set at linear values. As the computations proceed, the peak orifice velocities at each cell are monitored. When the orifice flow for a given computational cell changes direction, the value of U p ͓1͔ for that cell is updated as the peak velocity obtained during the previous half cycle. The values for l eq
͓1͔
and R ͓1͔ are updated at each flow changeover until a steady state is reached.
A. Geometries
The silencer geometries considered in the study consist of three single-pass and two multiple-pass configurations. The perforated tubes and orifices in the silencers are consistent with that of the orifice test section with tube o.d.ϭ5.08 cm, t w ϭ0.081 cm, and d p ϭ0.249 cm. Also, to minimize the effects of orifice interactions, the maximum porosity ͑͒ considered is 5%. The single-pass silencers include both ''short'' and ''long'' concentric tube geometries where, consistent with the work of Sullivan and Crocker, 8 a concentric tube silencer is designated as short if the volume-controlled ͑Helmholtz͒ resonance occurs before the first axial mode frequency ( f ϭc 0 /2l e ), and is otherwise designated as long. The multiple-pass geometries are variations of a prototype threepass silencer with dimensions representative of a production automotive muffler. Figure 8 includes schematics of the basic geometries of the single-pass and multi-pass perforated tube silencers. For convenience, all single-pass silencers will be referred to as resonators. Two short and one long resonator geometries were fabricated having the dimensions shown in Table I . All silencers were perforated evenly over the central portion of the cavity and the porosities are computed with respect to the outer diameter of the central tube. Resonator 1 has dimensions and porosity consistent with the silencer used in the nonlinear experiments of Sullivan. 28 This resonator was fabricated to obtain data to supplement the comparisons to Sullivan's nonlinear experiments. Resonators 2 and 3 were fabricated specifically for comparing model predictions with the impedance tube measurements.
The overall structure of the prototype multi-pass muffler consists of an external tube, four baffle plates, and the perforated tubes. Each of the baffle plates and tubes is removable, which allows different silencer configurations to be assembled from the same components. Two three-pass geometries are considered in the study, which will be referred to as mufflers. Dimensions for each geometry are included in Table I . In muffler 1, all tubes spanning the central chamber are perforated evenly and have the same porosity. Muffler 2 is identical to muffler 1 except that the pass tube connecting the two end chambers is replaced by a nonperforated tube.
For the muffler simulations, the end chambers are treated as lumped volumes. At the expansion from the central tubes to the end chambers, an end correction is necessary in the model to account for the local multidimensional effects. 30 For simplicity, the end correction is taken from the work of Ingard 29 for concentric Helmholtz resonators as
B. Computational and experimental results
To develop confidence in the nonlinear perforate model, the computational approach is first applied to resonator 1 so the results can be compared to the high-amplitude measure- Silencer
Resonator 1 ments of Sullivan. 13 For the remaining silencers, computations using the linear perforate model are first compared to experimental measurements with the extended impedance tube. The effects of high-amplitude oscillations are then investigated computationally using the nonlinear impedance perforate model and pure tone incident sound-pressure levels (SPL i ) between 130 and 160 dB.
For incident sound-pressure levels up to 160 dB, questions may arise regarding the effects of nonlinear wave steepening on the transmission loss. An estimate of the importance of wave steepening may be obtained from the Fubini-Ghiron solution for nonlinear wave propagation. 31 This solution applies for one-dimensional inviscid propagation of pressure disturbances much smaller than ambient in a constant area duct. The Fubini-Ghiron solution indicates that even without any wave attenuation by a silencer, the amount of reduction in the fundamental pressure component will correlate to a change in transmission loss of less than 1 dB for the geometries and conditions considered. In addition, the dissipative effects of heat transfer and viscosity for acoustic propagation in the main ducts are expected to be small ͑see, for example, Ref. 32͒, particularly in comparison to the dissipation at the perforations.
Resonator 1
Predictions and measurements for the transmission loss of resonator 1 at both low ͑linear perforate behavior͒ and high ͑nonlinear perforate behavior͒ sound-pressure levels are included in Fig. 9 . The low-amplitude measurements were obtained as part of the present study while the highamplitude measurements are taken from the published work of Sullivan. 13 Due to limitations in the driver ͑Ling 94B͒ used by Sullivan, the incident sound-pressure level varies between the measurements at different frequencies. The incident sound-pressure level for each measurement, rounded to the nearest 0.5 dB, is included in the inset table of Fig. 9 .
The linear behavior of the silencer exhibits the typical behavior of a short concentric tube resonator. The first portion of the transmission loss includes a rather broad peak due to a volume-controlled ͑Helmholtz͒ resonance. At higher frequencies, a transition in behavior occurs that results in length-controlled resonances characterized by narrow spikes in the transmission loss curve. For the high-amplitude cases, reductions in transmission loss of 10 dB or more near resonance clearly demonstrate the adverse effect that nonlinear perforate behavior can have on the attenuation characteristics of a silencer. The increase in orifice impedance at high sound-pressure levels inhibits the cavity/duct communication, and therefore reduces the amount of attenuation.
The linear computations and experiments in Fig. 9 show good agreement for the entire frequency range considered. A moderate underprediction of the transmission loss at the volume-controlled resonance occurs, along with a slight underprediction of the length-controlled resonance frequency near 2700 Hz. A comparison between Sullivan's data and the computational predictions shows that the model captures the general behavior due to high-amplitude disturbances. Discrepancies between the model and high-amplitude experimental data are less than 2 dB for all points except the measurement at 1700 Hz, where the difference is approximately 2.3 dB. The average discrepancy for all 12 measurements is 1.1 dB. For the present case, this is considered good agreement since the measured data have experimental uncertainty of 1-2 dB. 28 An indication of the experimental uncertainty is provided by the measured data between 1900 and 2000 Hz. These experiments were performed well away from resonance with incident sound-pressure levels near 130 dB, suggesting essentially linear silencer behavior. Model predictions for these cases are consistent with the linear results, while the experimental data show deviations of Ϯ1-2 dB.
Resonator 2
Comparisons of predicted and measured transmission loss of resonator 2 for low sound-pressure levels and linear perforate behavior are shown in Fig. 10 . The behavior for this short resonator is quite similar to resonator 1. For resonator 2, however, the volume-and length-controlled reso- nances are closer to each other, and their interactions tend to increase the transmission loss at frequencies in between. Agreement between the linear computations and experiments is good. Other than perhaps a very slight underestimation of the second resonance frequency, both of the peaks are predicted well by the computational model. The underprediction of the transmission loss at the length-controlled resonance is largely due to the frequency resolution of the simulation ͑25 Hz͒, which is too coarse to fully resolve a narrow spike. The higher frequencies may also be slightly affected by numerical dissipation.
Transmission loss predictions for resonator 2 with incident sound-pressure levels of 130-160 dB and the nonlinear impedance model are shown in Fig. 11 . The results in Fig. 11 further demonstrate the dramatic effect that nonlinear perforate behavior can have on Helmholtz-type perforated tube resonators. At an incident sound-pressure level of 130 dB, the silencer behavior is essentially linear, which may be seen by a comparison to Fig. 10 . As the incident sound-pressure level is increased, the effects of nonlinearity are first evident near the volume-controlled resonance, where the orifice velocities are highest for a particular sound-pressure level. At SPL i ϭ150 dB, the transmission loss peak for the volumecontrolled resonance is almost entirely lost, and changes in the length-controlled resonance are more evident. Noticeable, but relatively insignificant increases in transmission loss at lower frequencies are due to increased energy dissipation at the orifices. Finally, at SPL i ϭ160 dB, both the volume-and length-controlled resonances are diminished substantially. The transmission loss is broadband in nature and remains below 6 dB for much of the frequency range.
Resonator 3
Comparisons of predicted and measured transmission loss of resonator 3 for low sound-pressure levels and linear perforate behavior are shown in Fig. 12 . For this long resonator, the transmission loss curve at lower frequencies includes two broadband domes with the second dome being larger in magnitude. These domes correspond to the ͑some-what modified͒ behavior of a simple expansion chamber which, for the geometry of resonator 3 with no perforated tube, would give 7.0-dB domes that repeat at 670-Hz intervals. Immediately after the second dome a resonance occurs that causes a transmission loss spike. This spike is followed by three similar sharp resonances away from which the transmission loss drops rapidly to only a few dB. Agreement between the model and experiment for resonator 3 is good for both the broadband and resonance behaviors. Again, due to the frequency resolution of the simulations, and possibly some numerical dissipation, differences are observed in the peak transmission loss for the length-controlled resonances.
Transmission loss predictions for resonator 3 with incident sound-pressure levels of 130-160 dB and the nonlinear impedance model are shown in Fig. 13 . The transmission loss changes substantially with varying SPL i but, in contrast to resonators 1 and 2, the changes can have rather large positive effects. As expected, the 130-dB case is essentially linear and very close to the results in Fig. 12 . Below approximately 250 Hz, the behavior is relatively insensitive to SPL i . Above this frequency, a number of changes occur at higher sound-pressure levels. Increasing SPL i generally tends to increase the transmission loss in the troughs between the length-controlled resonances. At SPL i ϭ150 dB, the frequency range between 1500 and 2000 Hz becomes a region of high attenuation and the trough between 2000 and 2750 Hz is largely eliminated. Finally, at SPL i ϭ160 dB, the transmission loss minima occur near nc 0 /2l e which, at lower sound-pressure levels, were length-controlled resonance locations. Above 2000 Hz, the behavior seems to be somewhat of a cross between the broadband and resonance behaviors. The dome shape is replaced by a rapid rise to a peak after the minima location, and then the transmission loss falls more gradually toward the next minima.
Muffler 1
Predictions of the transmission loss for muffler 1 with low sound-pressure levels and linear perforate behavior are compared to experimental data in Fig. 14 . The linear regime transmission loss of muffler 1 is similar to an expansion chamber with a superimposed resonance near 450 Hz. The model accurately predicts the location of the resonance and then overestimates the transmission loss slightly for the part of the dome between 550 and 750 Hz. The location of the pass band near 830 Hz and the beginning of the following dome are well determined up to approximately 1000 Hz. Above this frequency, the model predicts a smooth domelike behavior whereas the experimental data deviate rapidly, and show multiple peaks and troughs. The discrepancies indicate that multidimensional effects are significant at these frequencies and the coupled one-dimensional approach is no longer valid ͑see, for example, Ji and Selamet 33 ͒. Figure 15 includes the computed transmission loss results for muffler 1 with varied incident sound-pressure levels and the nonlinear impedance model. As might be expected for the larger geometry and lower frequencies, the effects of nonlinear orifice behavior are somewhat less dramatic than for the concentric tube resonators. The most evident changes in transmission loss appear for the resonance. The magnitude of the transmission loss at resonance is diminished as the sound-pressure level increases, but the resonance frequency seems only slightly affected. The work of Munjal 34 indicates that mean flow in a multipass muffler can result in rather similar changes in the transmission loss behavior near resonance for small-amplitude disturbances. This is not surprising since the grazing flow will increase the perforate resistance and decrease the perforate reactance, effects similar to those of high-amplitude orifice velocities, although occurring by different mechanisms. Away from resonance, broadband transmission loss behavior improves by 2-3 dB at the higher sound-pressure levels, with more significant increases occurring near the passband location.
Muffler 2
Comparisons of predicted and measured transmission loss for muffler 2 with low sound-pressure levels and linear perforate behavior are shown in Fig. 16 . The computational model captures the overall behavior of muffler 2 well but overpredicts the primary resonance frequency by approximately 20 Hz. A comparison of the transmission loss for muffler 2 with that of muffler 1 ͑Fig. 14͒ shows that each of the perforated tubes plays a significant role in the behavior of a multipass silencer. For muffler 2, the primary resonance occurs at approximately 280 Hz, much lower than the resonance frequency for muffler 1. It appears that multidimensional effects become significant at a slightly lower frequency for muffler 2, with predictions deviating from experiment above approximately 900 Hz. Figure 17 includes the computed transmission loss results for muffler 2 with varied incident sound-pressure levels and the nonlinear impedance model. Similar to muffler 1, the magnitude of the transmission loss at resonance is diminished as the sound-pressure level increases. However, the location of the resonance frequency ͑which was only slightly affected for muffler 1͒, exhibits a substantial decrease. Away from resonance, the effects of increased dissipation are again evident as a moderate increase in transmission loss at all but the lowest frequencies.
V. CONCLUDING REMARKS
The time-domain computational model has been used to predict the acoustic behavior of both single-and multiplepass perforated tube silencers. Empirical expressions were developed from experimental data to relate the nonlinear behavior of l eq ͓1͔ and R ͓1͔ to relevant nondimensional parameters. Predictions have been performed for a range of incident sound-pressure levels between the low-amplitude limit and 160 dB. For automotive silencers, the effects of mean flow and multifrequency excitation, which have been excluded from the present study, require consideration. However, the basic findings of the work, as well as the computational approach itself, are expected to be useful in the design and analysis of these elements.
In the regime of linear perforate behavior, transmission loss predictions compare well with experimental data obtained with the extended impedance tube setup. For concentric tube resonators, the model accurately predicted the volume-and length-controlled resonances for both short and long geometries. The model also captured the transmission loss behavior of the multipass silencers with generally good agreement between the experiments and predictions.
A comparison to the experimental results of Sullivan 13 for a short concentric tube resonator ͑resonator 1͒ indicates that the nonlinear time-invariant perforate model predicts the effects of orifice nonlinearity reasonably. For the concentric tube resonators, high-amplitude disturbances tend to eliminate both volume-and length-controlled resonances and promote broadband behavior. This dramatically reduces the effectiveness of short geometries designed for volumecontrolled resonance behavior, while possibly improving the broadband behavior of long resonators. The multipass geometries are less sensitive to high-amplitude disturbances, although resonances that occur in the low-amplitude limit may be affected substantially. Resonance frequencies and transmission loss magnitudes near resonance may be expected to decrease while increased dissipation is expected to moderately improve the broadband behavior. 
